Abstract A new parameterization for quantifying the mixing state of aerosol populations has been applied for the first time to samples of ambient particles analyzed using spectro-microscopy techniques. Scanning transmission X-ray microscopy/near edge X-ray absorption fine structure (STXM/NEXAFS) and computer-controlled scanning electron microscopy/energy dispersive X-ray spectroscopy (CCSEM/EDX) were used to probe the composition of the organic and inorganic fraction of individual particles collected on 27 and 28 June during the 2010 Carbonaceous Aerosols and Radiative Effects study in the Central Valley, California. The first field site, T0, was located in downtown Sacramento, while T1 was located near the Sierra Nevada Mountains. Mass estimates of the aerosol particle components were used to calculate mixing state metrics, such as the particle-specific diversity, bulk population diversity, and mixing state index, for each sample. The STXM data showed evidence of changes in the mixing state associated with a buildup of organic matter confirmed by collocated measurements, and the largest impact on the mixing state was due to an increase in soot dominant particles during this buildup. The mixing state from STXM was similar between T0 and T1, indicating that the increased organic fraction at T1 had a small effect on the mixing state of the population. The CCSEM/EDX analysis showed the presence of two types of particle populations: the first was dominated by aged sea-salt particles and had a higher mixing state index (indicating a more homogeneous population); the second was dominated by carbonaceous particles and had a lower mixing state index.
Introduction
Atmospheric aerosols affect the atmospheric environment and climate directly by absorbing and scattering radiation and indirectly by impacting the properties and lifetimes of clouds [Poschl, 2005; Solomon et al., 2007] . Atmospheric aerosol particles consist of a mixture of organic molecules, inorganic salts, metals, and elemental carbon or soot [Seinfeld and Pandis, 2006] . Their optical and cloud formation properties depend on particle-specific composition and on particle morphology (i.e., how the particle's constituents are arranged within the particle) [Jacobson et al., 2000; Kanakidou et al., 2005; Petters and Kreidenweis, 2007; Knopf et al., 2010; Wang et al., 2012; Knopf et al., 2014] . For example, organics coated on soot have been shown to increase the absorption coefficient in some cases or negligible effect in others [Schnaiter et al., 2005; Mikhailov et al., 2006; Moffet and Prather, 2009; Cappa et al., 2012; Bond et al., 2013] . these terms fall short of a meaningful characterization of ambient aerosol populations, since observations have shown that even freshly emitted aerosol populations can be to some extent internal mixtures (e.g., sea spray aerosol, multicomponent mineral dust, or particles from combustion sources) and that these internal mixtures then evolve further in the atmosphere due to condensation of gas-phase organics or inorganics onto existing particles [Johnson et al., 2005; Moffet et al., 2010b; Wang et al., 2010; Moffet et al., 2013] , due to chemical transformations within the particles , or due to coagulation events between particles [Jacobson, 2001] . Associated with the changes in mixing state are changes in hygroscopicity and optical properties Lack et al., 2012; Saleh et al., 2014] .
To better quantify population mixing state, and to enable us to tie it to observed changes in the physical properties, Riemer and West [2013] proposed a new parameterization based on diversity measures. This parameterization uses the particle-specific mass fractions of the aerosol components to calculate two measures of diversity: a population-level bulk diversity and an average particle-specific diversity. The population mixing state index can then be defined from an affine ratio of these two fundamental quantities. It is straightforward to apply this parameterization to single-particle analysis techniques that allow measurement of the masses of individual components in aerosol particles. Healy et al. [2014] have applied this parameterization to data collected using a single particle mass spectrometer, an aerosol mass spectrometer, a scanning mobility particle sizer, and a multiangle absorption photometer. With these instruments, singe-particle mass estimates for black carbon, organics, sulfate, nitrate, and ammonia were used to quantify the aerosol mixing state during the MEGAPOLI 2010 campaign in Paris, France. They measured different particle compositions for aerosols from different sources (e.g., wood burning versus aged carbonaceous) and showed a characteristic diurnal cycle and a dependence on the origin of the air mass for the mixing state metrics.
In this paper, we analyze the composition of individual particles using scanning transmission X-ray microscopy/near edge X-ray absorption fine structure (STXM/NEXAFS) spectroscopy and computercontrolled scanning electron microscopy/energy dispersive X-ray spectroscopy (CCSEM/EDX). These techniques have been applied in many studies to characterize the composition, the size, and the different types of aerosol particles from field campaigns [Laskin et al., 2006; Moffet et al., 2010a Moffet et al., , 2010b Laskin et al., 2012; Wang et al., 2012; Moffet et al., 2013; Knopf et al., 2014] . STXM/NEXAFS is a chemical imagining technique that uses absorption of X-rays at specific energies to map the composition of individual aerosol particles with a spatial resolution of about 30 nm. STXM/NEXAFS at the carbon K-edge can be used to quantify the amount of organic, inorganic, and soot in the particles, making it well suited for the quantification of the carbonaceous fraction. CCSEM/EDX can be used to measure the elemental composition of individual particles by collecting the X-ray emission spectrum from each particle. Thus, analysis by CCSEM/EDX provides complementary information on the composition of the inorganic fraction at the elemental level.
The Carbonaceous Aerosol and Radiative Effects Study (CARES) took place in June 2010 in Central Valley, California. One of the primary objectives was to study the evolution of atmospheric aerosols during aging and transport. Two ground sites were set up, one in downtown Sacramento (T0) and a second about 40 km to the northeast in the Sierra Nevada foot hills (T1) . In this study, we present results on the application of this novel mixing state parameterization to populations of atmospheric particles sampled during the CARES 2010 field study at each of the two ground sites and analyzed using both STXM/NEXAFS [Moffet et al., 2011] and CCSEM/EDX [Laskin et al., 2006] .
Experimental Procedure

Sample Collection/Data Analysis
A description of the sample and data collection is given elsewhere [Moffet et al., 2013] . Briefly, samples were collected on 27 and 28 June in 15 min intervals at both the Sacramento T0 site (38°38′55.55″, 121°20′59.02″) and the Cool T1 site (38°52′17.02″, 121°1′21.59″) using time-resolved aerosol collectors. This sampler has an effective cutoff size, d 50 (diameter of particles collected with 50% efficiency), of 0.36-0.38 mm [Laskin et al., 2003] , and samples were impacted onto either copper-grid-supported carbon B films or silicon nitride windows. Table 1 lists specific times of eleven samples from the T0 site and 9 samples from T1 site analyzed for this study using STXM/NEXAFS. Some samples contained less than 300 particles but had another data set collected during the same hour. To improve statistics, these data sets were combined as indicated in Table 1 .
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Samples collected during the same 2 days, but not collected at the same times as the ones analyzed with STXM/NEXAFS, were analyzed with CCSEM/EDX ( Table 2 ). All times are given in local standard time.
The STXM/NEXAFS measurements were taken at the Advanced Light Source at Lawrence Berkeley National Laboratory on beamlines 11.0.2 and 5.3.2.2. The operation of the microscope has been explained in detail elsewhere [Kilcoyne et al., 2003] . Briefly, a Fresnel zone plate was used to focus energy selected X-ray light to a 30-35 nm spot size, while the sample was raster scanned at the focal point. Transmitted X-rays were detected producing an image at a given photon energy. The light from sample free regions provided the reference intensity (I 0 ) and the light that was transmitted through the particles is the sample intensity (I). The transmitted signal was converted to optical density (OD) using: where μ is the mass absorption coefficient, ρ is the density, and t is the sample thickness. The X-ray photon energy was then incremented to produce either a stack of images or four energy maps (278, 285.4, 288 , and 320 eV) [Moffet et al., 2013] . The work presented here uses analysis of images collected at the carbon K-edge (278 eV to 320 eV). Three component types were identified in the particles following the procedures of Moffet et al. [2010a] . Briefly, pixels with OD 320 -OD 278 (postedge minus preedge) greater than zero were identified as organic (OC); pixels with OD 278 /OD 320 greater than 0.5 were identified as inorganic (IN) ; finally, pixels with sp 2 carbon greater than 35% were identified as black carbon or soot (BC). Here the term BC (instead of the previously used elemental carbon or EC) will be used to describe soot containing pixels to match the notation used in the modeling community [Bond et al., 2013; Riemer and West, 2013] . STXM/NEXAFS analysis was performed over 8816 particles from the samples collected at T0 and 7264 particles from the samples collected at T1 (Table 1 ).
The CCSEM/EDX measurements were taken at the Environmental Molecular Science Laboratory using an FEI Quanta digital field emission gun environmental SEM. In this work, X-ray spectra for particles with circular diameter larger than 0.1 μm were used. The spectra were acquired at an accelerating voltage of 20 kV with a beam current of 500 pA. The elements used for the identification of the particle type were C, N, O, Na, Mg, Al, Si, P, S, Cl, K, Ca, Mn, Fe, and Zn. For the mixing state analysis carbon, nitrogen, and oxygen were excluded from the calculations (for details, see Discussion). CCSEM/EDX analysis was performed on over 18,951 particles from the samples collected at T0 and over 20,049 particles from the samples collected at T1 (Table 2) .
Parameterization Methodology
The mixing state parameterization has been described in detail by Riemer and West [2013] . For clarity, the terminology and calculations from that paper are reproduced here. The diversity analysis is based on the species mass fractions in a particle and in the population. For a given species a in a particle i, the mass of species a is termed μ a i , where a = 1,…, A and i = 1,…, N. The mass of a particle i is the sum of the mass of each species present in that particle:
The total mass of particle population, μ, is then a summation of the μ i for all the particles in that population. The mass fraction of a particle i in the population (p i ) is given by
The mass fraction of species a in a particle i (p a i ) is given by
Finally, the mass fraction of species a in the population is given by
Details on the mass calculations for both the STXM and CCSEM data sets are provided in the following section. Using the mass fractions calculated in equations (3)- (5), the Shannon entropy [MacKay, 2003] for each particle (H i ), for the average per particle (H α ), and for the bulk population (H γ ) can be calculated using equations (6)- (8), respectively:
The Shannon entropy can be physically regarded as an information measure of the uniformity of the mass fractions, with low entropy indicating nonuniform mass fractions across the particle population and the
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highest entropy being achieved for completely uniform mass fractions. For further details, see Riemer and West [2013] .
The particle diversity (D i ) is then calculated by taking the exponent of the particle-specific Shannon entropy H i (equation (6)). D i can be interpreted as the "effective number of species" in the particle and can range from 1 (the particle contains a single pure component) to A (the particle has equal mass fractions of all A components). Similarly, the average particle-specific diversity (D α ) and the bulk population diversity (D γ ) are calculated by taking the exponent of the corresponding Shannon entropy values, H α and H γ , respectively. The mixing state index χ is then defined as
where D α and D γ can range from 1 to A. By construction, the bulk diversity D γ is always greater than or equal to the average particle-specific diversity D α . Thus, the mixing state index, χ, can range from 0% for an external mixture (heterogeneous population consisting of single-component particles) to 100% when D α equals D γ (homogeneous population with all particles having identical compositions, equal to the composition of the bulk). The STXM data sets contain three components (organic, inorganic, and black carbon) so D i , D α , and D γ can range from 1 to 3. In the CCSEM data sets there are 12 different elements, so the diversity values can range from 1 to 12.
Mass Calculations
The STXM data set contains (1) the two-dimensional size of the impacted particles, (2) the identified components at each pixel in the particles, and (3) the optical density at each pixel for all of the photon energies measured. Figure 1 shows singular value decomposition maps of representative particles. Three component types were identified in the particles: organic (OC, green), inorganic (IN, blue), and black carbon (BC, red). Since STXM measures the absorption through the particle, each pixel in a particle can contain 1 to 3 components (i.e., components stacked on top of each other). For the mass estimates, a thickness was calculated from the average optical densities at 278 eV and 320 eV over each particle as described below. For the soot calculations, only pixels labeled BC were included, and all carbon in those pixels was assumed to be soot. For the organic calculations, all pixels that were labeled OC (excluding pixels that contained both a BC and an OC label) were used.
To estimate the thickness of carbon and inorganic components, the optical densities (OD) at 320 and 278 eV were used. For atmospheric particles, the OD at a given energy is estimated as a linear combination of the ODs of the inorganic and organic components: 
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The mass absorption coefficients (μ) for both inorganic and organic components were calculated using the same method as O'Brien et al.
[2014] using an average O/C value of 0.4 [Setyan et al., 2012] [Bond and Bergstrom, 2006] were used for the average densities of the organic and soot components, respectively. The particle-specific volume of each component was determined by multiplying the calculated thickness by the area of either the inclusion (black carbon), the impacted particle (inorganic), or the area of the impacted particle minus the area of the soot inclusion (organic). A mass was then calculated by multiplying by the corresponding densities given above.
Ammonium sulfate was assumed to be the dominant inorganic in the particles analyzed with STXM/NEXAFS. During the CARES campaign, the dominant nonrefractory particle component, after organics, was sulfate followed by nitrate and ammonium , indicating that ammonium sulfate and ammonium nitrate were present in particles during the campaign. However, since both STXM/NEXAFS and CCSEM/EDX analyses were run under vacuum (~0.5-20 mTorr), the ammonium nitrate content is expected to be small given its high volatility [Richardson and Hightower, 1987] .
The CCSEM/EDX data set contains two-dimensional areas of the particles and elemental atomic percentages. Following a particle-type classification scheme similar to that in Laskin et al. [2012] , particles were separated into groups of aged sea salt, aged sea salt with sulfate, carbonaceous, and other. To estimate the mass of each particle (μ i = density × volume), the particles were assumed to be hemispheres and densities were assigned by group: 2.0 g/cm 3 for the aged sea-salt particles (with and without sulfate) and "other" particles and 1.3 g/cm 3 for carbonaceous particles. To calculate the mass of each element, the elemental percent (elemental%) was changed to a weight percent, which was multiplied by the estimated particle mass to calculate the mass fraction:
The area equivalent diameter of each particle was calculated for particles from both STXM/NEXAFS and CCSEM/EDX data sets. For analyses as a function of particle size, the data were binned in 0.1 μm steps and the mass and particle-specific diversity values were averaged over each size bin.
Results and Discussion
3.1. Carbonaceous Mixing State by STXM 3.1.
Component Masses and Particle Diversities
From the STXM/NEXAFS data, the mass fractions of the inorganic (IN), the organic carbon (OC), and the black carbon or soot (BC) components were estimated as described above. Similar to previous analyses [Moffet et al., 2010a [Moffet et al., , 2010b Moffet et al., 2013] , four different particle classes were identified (Figure 1) . Figures 1a-1d show homogeneous organic particles (OC) (Figure 1a ), organic particles with both inorganic and soot inclusions (INBCOC) (Figure 1b ), organic particles with soot inclusions (BCOC) (Figure 1c) , and particles that are organic with inorganic inclusions and/or inorganic dominant areas (INOC) (Figure 1d ). All of the particles observed contained some organic and inorganic mass. Thus, the difference between particles on the left in Figures 1a and 1c versus the right in Figures 1b and 1d is morphology based. The particles in Figures 1b and 1d have the inorganic Figures 2a and 2b show the mass fractions of the three components in the analyzed particles from T0 ( Figure 2a ) and T1 (Figure 2b ) samples, respectively. This figure is a pictorial representation of the particle-specific diversity, D α , over the populations at both T0 and T1. The data are separated by the different particle types listed previously (indicated by the labels 1 to 4). Overall, the organic mass fraction for particles within each of the four types was higher for T1 than T0. This is consistent with an increase in organic mass through both condensation of organics onto INOC particles and more nucleation and growth of new OC particles at T1 [Setyan et al., 2014] . A similar conclusion was reached from analysis of the total organic carbon per particle as a function of particle size on a subset of these data [Moffet et al., 2013] .
Figures 2c and 2d show the corresponding particle-specific diversity (D i ), or the effective number of species, in all analyzed particles from T0 ( Figure 2c ) and T1 (Figure 2d ). The particles are plotted in the same order as Figures 2a and 2b. For a particle with a single component, D i will be 1. A maximum diversity occurs when a particle contains equal mass fractions of all components. In the OC and INOC particles (types 1 and 4, respectively) the diversities range from 1 to 2 with the majority of the particles in these two classes having diversities between 1.5 and 2 (average D i = 1.8). Particles from types 2 (INBCOC) and 3 (BCOC) have diversities that range from 1 to 3 with the majority of the particles having diversities larger than 2. Overall, less than 0.1% (at T0) and 0.2% (at T1) of the particles have D i values less than 1.3. The majority of the particles have diversity values between the minimum and maximum values, indicating that the particle populations at T0 and T1 were neither minimally nor maximally diverse in their constituents. Figure 3 shows a time series of the mixing state parameters for particles from T0 ( Figure 3a ) and T1 (Figure 3b ) with the average particle-specific diversity, D α (blue); the bulk diversity, D γ (black); and the mixing state index, χ (red). The error bars correspond to an analysis using a mixed inorganic with ratios of 6:2:3:1 of (NH 4 ) 2 SO 4 , Na 2 SO 4 , NH 4 NO 3 , and NaNO 3 , respectively. These ratios were estimated using data from Aerosol Mass Spectrometers (AMS) [Setyan et al., 2012] and Particle into Liquid Samplers (PILS) collocated at both field sites (see supporting information for details on this calculation). These inorganic fractions are not the proposed average inorganic aerosol particle composition. Instead, they are used to provide an upper bound on the error based on collocated measurements of the inorganic fraction. Given that Setyan et al. [2012] found that at T1 most of the nitrate signal was likely organic nitrates, the actual amount of inorganic nitrate in the particles was likely lower during the campaign.
STXM: Carbonaceous Mixing State Time Series
In Figure 3 , at T0 the particle populations showed a small increase in D α and a larger increase in D γ up through the afternoon of the 28 June (15:30) followed by a small decrease in D α and a larger decrease in D γ . Since the average particle-specific diversity, D α , did not fluctuate significantly, the changes observed in the bulk diversity, D γ , drive the observed changes in the mixing state, χ. Thus, at T0, the mixing state index of the particle populations generally decreased through the afternoon of the 28 June (15:30) and then increased again in the last three samples. Smaller changes with time were observed at the T1 field site.
The time period reported here corresponds to an event of substantially increased organic aerosol mass observed at both T0 and T1 [Setyan et al., 2012; Moffet et al., 2013] . These 2 days had the highest O 3 mixing ratios (70-80 ppb) and the highest daily average temperatures of the campaign, indicating that some of the increase in organic mass was likely due to increased emissions of precursors and more intense atmospheric processing [Setyan et al., 2012] . Measurements with a collocated Sunset ECOC analyzer showed that the organic mass at T0 increased through the afternoon of the 28 June and then dropped at around 17:00 [Moffet et al., 2013] . At T0, organic mass fractions were positively correlated with the OC measurements from the Sunset ECOC with R 2 = 0.56. The soot mass fractions at T0 also correlated well with the soot (EC) measurements from the Sunset ECOC with a positive slope and R 2 of 0.82 ( Figure S1 in the supporting information).
During the time of this organic mass build up, the particle population became more heterogeneous (the mixing state index decreased). During this event, two effects were taking place: (1) an increase in the BC mass fraction and (2) a small increase in the mass fraction of the organic (Figures 3c and 3d) . The increase in the BC mass fraction at T0 increased the D γ value (bulk population closer to equal mass fractions). This is similar to the archetypal "case 1" discussed in Riemer and West [2013] , where addition of black carbon to an initial particle population lowered the particle-specific diversity and increased the bulk population diversity. The net effect was a decrease in the mixing state index (the population became more heterogeneous). The second change, a small increase in the organic mass, is similar to the archetypal "case 5" from Riemer and West [2013] , where condensation onto a population increased both D α and D γ , resulting in a constant mixing state index. The addition of the BC particles to the population had a larger impact resulting in a net increase in bulk 
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diversity and an increased heterogeneity of the particle population. In the last three samples at T0 the particle population then switched to a composition more similar to that observed prior to the buildup event and the mixing state index increased (the population became more homogeneous). Thus, at T0, a change in the particle population was expected based on collocated measurements and the mixing state parameters calculated from the STXM data set showed changes consistent with these expected trends. The mixing state parameterization also provided additional information on the types of particles that comprised the population during the buildup. An increase in soot-dominated particles was observed at T0 which had a large impact on the carbonaceous mixing state of the particle population in these samples.
STXM: BC Mixing State
The changes in the mixing state observed for particles collected at T0 were largely driven by the increase in the soot mass fraction (Figure 3) . However, the average particle-specific diversity (D α ) did not increase with the bulk population diversity (D γ ) during the organic buildup, which would be expected if more particles with three components (organic, inorganic, and soot) were added to the population. By excluding all particles that do not contain soot from the data analysis, the mixing state of the soot-containing subpopulation can be investigated, which can give insight into the type of soot particles observed during the buildup event. The number of soot-containing particles was relatively small in both T0 and T1 samples with only 5-20% of the particle number count at T0 and 8-22% of the number count at T1 (Table 1) . Given the smaller sample sizes, the statistical significance of the trends is low; the fractional uncertainty of the BC containing particles is on average a factor of 3 higher than for the entire sample. However, the trends match observations for the bulk population and the majority of the samples at T0 have~100 or more soot-containing particles (Table 1 ). Figure 4a shows the trends in average particle-specific diversity, D α (blue); bulk diversity, D γ (black); and the mixing state index χ (red) for only particles that contain soot at the T0 site. Figure 4b shows the bulk mass fractions for soot-containing particles from each sample. The temporal series for all three mixing state parameters showed larger ranges, but similar trends, compared to those of the whole population (Figure 3a) .
During the period of organic buildup (through 28 June at 15:30) at T0, the bulk diversity, D γ , increased more than the average particle-specific diversity, D α , leading to a more heterogeneous particle population (Figures 3a and  4a) . Figures 4c and 4d show the mass fractions of individual soot-containing particles in the afternoon before the peak of the organic buildup period (27 June at 12:27) and at the peak of the buildup (28 June at 15:30), respectively. The white line shows the particle-specific diversity, D i , and the data are plotted according to decreasing BC mass fraction. In the 27 June 12:27 sample (Figure 4c ) all but the first~20 particles had less than one third BC mass fraction. In contrast, for the sample collected on 28 June at 15:30 (Figure 4d ) close to half of the particles had one third or more BC mass fraction. Thus, BC dominated particles (BC fraction larger than one third), have increased in number in the 28 June 15:30 (Figure 4d ) sample relative to the 27 June 12:27 sample ( Figure 4c ). This change may be due to the presence of a different source between the two samples or an increased buildup of local emissions. The addition of BC-dominated particles increased D γ (since the bulk mass fraction of BC is increasing) but did not increase and may even have decreased D α (since the D i values were lower). Therefore, an increase in the number of BC-dominated particles contributed to the overall increase in heterogeneity observed in the population during the buildup. Figure 5 shows the mass fractions for all particles analyzed from T0 ( Figure 5a ) and T1 (Figure 5b ) samples, plotted as a function of the area equivalent diameter of the impacted particles. The white line shows the particle-specific diversity averaged over each size bin, while the size of the markers shows the number fraction of particles in each size bin (Tables S1 and S2 in the supporting information). Both T0 and T1 have organic and inorganic as the dominant components, with trace black carbon. The mass fractions and the diversity values were relatively constant with size. At T0, a small increase in the average inorganic fraction in the particles with diameters greater than 1 μm was observed; however, this change was within the standard deviation of the other sizes (Table S1 ).
STXM: Diversity as a Function of Size
The relatively constant mass fractions as a function of size at T1 is in contrast with AMS results from T1, which showed a small increase (from 20% to 25%) in the mass fraction of sulfate in larger particles (>300 nm vacuum aerodynamic diameter) [Setyan et al., 2012] . Additionally, the organic mass fractions were lower for the samples discussed here (~50-60%) compared to the particles analyzed at T1 with the AMS (~70-85%) [Setyan et al., 2012] . However, the AMS data for T1 is averaged over the whole campaign, while the data shown in Figure 5 correspond to the average mass fractions from samples collected over only 2 days (Table 2) .
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The relatively constant diversity as a function of size at both T0 and T1 also contrasts with the results reported for the MEGAPOLI campaign [Healy et al., 2014] which showed an increase in D i with particle diameter due to increased inorganic content in the accumulation mode particles. There, the largest increase in mass fraction was in ammonium nitrate. However, due to the volatility of ammonium nitrate and the fact that both STXM and CCSEM/EDX were run under vacuum, the fraction of ammonium nitrate observed in the microscopy samples is expected to be small [Richardson and Hightower, 1987] . In the samples measured here, the major inorganic compounds are expected to be ammonium sulfate, sodium chloride, sodium sulfate, and sodium nitrate. Assuming that the dominant anion in the inorganic is sulfate at both T0 and T1, the results for the inorganic mass fraction here are consistent with the results from MEGAPOLI [Healy et al., 2014] , which also showed nearly constant sulfate mass as a fraction of particle size.
For particles from both T0 and T1 samples, the average mass fraction of soot was also relatively constant with size (Figures 5a and 5c ). This is in contrast to the results from the MEGAPOLI study [Healy et al., 2014] , which showed mass fractions of BC over 30% for particles with aerodynamic diameters less than~250 nm. The main reasons for this difference are likely (1) the size limit of STXM which had a pixel size of 30 nm and thus a minimum diameter of a little less than 100 nm, (2) different emission characteristics during the MEGAPOLI campaign compared to the 2 days from the CARES campaign discussed here, and (3) the differences in collection efficiency by an impactor sampler; i.e., liquid-like particles are collected more efficiently than solid particles of the same size. Solid particles, such as bare and very thinly coated soot, would be expected to bounce more on impaction than particles which can deform more, like some organic aerosol particles [Bateman et al., 2014] . This difference can affect the mass fractions in favor of particles with more organic and/or inorganic content.
The STXM data sets for both T0 and T1 show constant mass fractions as a function of size ( Figure 5 ). However, the largest uncertainty in these calculations is in the identity of the inorganic components. In the STXM data set, we assume that the inorganic fraction is dominated by ammonium sulfate. In future studies, looking at the inorganic content of the aerosol particle population as a function of size using both CCSEM/EDX and STXM data (at carbon, nitrogen, and oxygen K-edges) on the same particles or at least the same samples would decrease this uncertainty. In the next section, we look at the mixing state of the inorganic fraction from (Na, Mg, Al, Si, P, S, Cl, K, Ca, Mn, Fe, and Zn) , and the corresponding diversity values can range from 1 (pure particles with 1 component) to 12 (equal mass fractions of all 12 components).
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Figures 6a and 6b show the mixing state diagrams for T0 (Figure 6a ) and T1 (Figure 6b ) from the CCSEM/EDX data set. Two groups of particle populations were observed; four of the samples at T0 (circled in black) had higher average particle-specific diversity and higher mixing state indices than the other samples at T0 and all of the samples at T1. Thus, the range of mixing state indices of particles from T0 was larger, ranging from~45% to~90% at T0 versus 41% to 62% at T1. While the degree of internal mixing was high in a few samples (the mixing state index comes close to 100%), the effective number of species is far from the maximum. This is expected due to the fact that 12 elements were measured and particles with equal mass fractions of all 12 elements are unlikely.
Figures 6c and 6d show the mass fractions (bars), the bulk diversity values (solid white line), and the mixing state index (dotted white line) for T0 ( Figure 6c ) and T1 (Figure 6d) for each of the samples collected on 27 and 28 June. The two types of particle populations were distinguishable in the mass fractions; populations with high Na (and sometimes high Mg and Ca) had higher mixing state parameters and were observed at T0 on 27 June 2010 at 11:47 and 14:27 and on 28 June 2010 at 06:49 and 07:29 (these correspond to the data points circled in Figure 6a ). The sulfur dominated samples (>50% mass fraction) had lower mixing state parameters and were observed in the rest of the T0 samples and all of the T1 samples.
Particles in CCSEM/EDX data sets were separated into four particle types based on the percentages of the elements in the particles following particle classification schemes described in Laskin et al. [2012] . These four particle types are aged sea salt, aged sea salt with sulfates, carbonaceous, and other. The other category likely includes some particles previously classified as dust, mineral dust, and cooking emissions [Moffet et al., 2013] . Note that since all of the particles in the STXM data set contained some amount of carbon, all of the particle types considered here, including the other group, likely had some carbonaceous content. In Laskin et al. [2012] , aged sea-salt particles collected during the G-1 flights were found to have a fraction of the Na in the organic phase. Thus, while the CCSEM/EDX provides information on the inorganic content of the aerosol particles, an additional complication arises because Na could be in either the organic or the inorganic phase. Due to the lack of quantification with CCSEM/EDX for carbon, nitrogen, and oxygen, the amount of Na in each phase cannot be calculated. However, future studies that combine STXM/NEXAFS and CCSEM/EDX on the same particles would provide this information. 
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Figures 6e and 6f show the particle number fractions for these four particle types (aged sea salt, aged sea salt with sulfates, carbonaceous, and other) from T0 ( Figure 6e ) and T1 (Figure 6f ) sites as a function of the sample time. At T0, populations with large number fractions of the sea-salt particle type had higher mixing states indices, as well as higher bulk (D γ ) and population diversities (D α ) (Table 2), than populations that were dominated by the carbonaceous particle types. Thus, the populations dominated by aged sea salt were more homogeneous than the populations with more carbonaceous particles.
At T1 the bulk diversity decreased over these 2 days and the mixing state slowly increased (Figure 6d ). The one outlier on this trend is the sample collected on 28 June 2010 at 17:38 P.M., which had a higher bulk diversity caused in part by increased mass fractions of K, Ca, Zn, and Al ( Figure 6d ). This sample also had a larger number of particles in the category other consistent with this sample being potentially influenced by increased amounts of dust and/or food cooking/biomass burning aerosols.
In contrast to T0, the inorganic fraction at T1 became more homogeneous as the fraction of carbonaceous particles increased. The largest mass fraction of sodium was observed at T1 on 27 June 2010 at 12:02, which is within the time frame for direct transport from Sacramento reported by Fast et al. [2012] . However, the large mass fractions of Na and the corresponding larger fraction of aged sea-salt particles that were observed in some of the T0 samples were not observed in any of the samples collected at T1. Either the relative abundance of these particles decreased because of emission and formation of carbonaceous particles and thus formed a smaller fraction of the particle population at T1, or, the direct transport of samples with large mass fractions of aged sea salt was not observed in the samples analyzed from T1. Figure 7 shows the mass fractions as a function of size for particles collected at T0 (Figure 7a ) and T1 (Figure 7b) . The average particle-specific diversity for each size bin is shown by the white line and the size of the markers corresponds to the number of individual particles in that size bin (Tables S3 and S4 ). The particles collected at T0 had small changes in the mass fractions as a function of size. Sodium had increased mass fractions in the smaller particles (<0.5 μm) and the larger particles (>1.4 μm). The mass fractions of K, Mg, and Ca appear to show the same trend consistent with the presence of two populations of aged sea-salt particles, one with diameters less thañ 600 nm and one with diameters greater than~1.4 μm. Sulfur was the dominant component (>50%) in 0.5-1.5 μm sized particles. An increase in the average diversity was observed in particles >1.3 um. However, this increase was only outside of the standard deviation for a few of the larger size bins. The increase in D i was due to increased mass fractions of the more trace components such as phosphorus, potassium, and calcium in the larger particles.
The particles from T1 had fairly uniform mass fractions and diversity values as a function of size. Compared to T0, the mass fraction of sulfur was larger across all size fractions causing the average diversity value to be lower. This is likely due to increased numbers of organic particles mixed with ammonium sulfate at T1. The particles that contained more Na were in the smaller size fraction. Similar mass fractions were also observed in the smaller particles at T0 consistent with a broadly distributed population of smaller particles, which were potentially fragments of sea-salt (higher Na) and dust (higher Si) particles. The biggest difference in composition between particles collected at T0 and T1 sites is observed for particles in the larger size bins. The larger particles seen at T0 with increased sodium were not observed in the T1 samples, consistent with the lack of direct transport of sea spray emissions to the T1 site, as can be inferred from Figure 6 .
Conclusions
The analysis presented here is the first application of a new mixing state parameterization to data from single particle spectro-microscopy techniques. The STXM/NEXAFS data collected at the carbon K-edge provided information on the mixing state of the carbonaceous fraction of atmospheric particles, while complementary analysis with CCSEM/EDX provided information on the elemental composition of the inorganic fraction. The parameterization showed changes in the mixing state consistent with results from concurrent measurements and provides additional insights into the types of particles observed in the samples. This analysis used data collected for previous studies [Knopf et al., 2014; Moffet et al., 2013] and did not have direct overlap of the two techniques on the same particles or the same samples. It would be highly advantageous to combine the two techniques on the same particles in future studies. This will provide C, N, O quantification from STXM/NEXAFS and quantification of the inorganic fraction from CCSEM/EDX. Additional analysis that would increase the value of this type of data set include characterizing mixed aerosols of known composition and mass. This work would provide additional validation of the mass estimates used here. Mass fractions as a function of area equivalent diameter (μm) for (a) T0 and (b) T1. The mass fractions of the elements are stacked in the same order as the key on the right with Na on the bottom. The white line shows the particle-specific diversity value averaged for each size bin, and the marker size is proportional to the number of particles in that size bin.
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The relatively high mixing state index of the samples analyzed with STXM (>60%) indicates that the particle populations at both field sites during these 2 days were relatively homogeneous with respect to the organic, inorganic, and soot components. The similarity in mixing state indices between T0 and T1 indicates that the increased organic mass fraction at T1 had a small effect on the mixing state of the aerosol population. Based on CCSEM/EDX results, the particle population, which was dominated by aged sea-salt particles , showed a relatively high mixing state index, indicating that the aging of sea-salt particles can increase the mixing state index that was calculated based on the inorganic fraction of those particles. Since chloride is depleted while additional sulfate, nitrate, and organic salts are formed in this aging, the increases in the diversity of the inorganic fraction of these particles will likely be enhanced near coastal cities.
More variation in the mixing state parameters was observed for particles collected at the T0 site compared to T1. The smaller variation observed at T1 is consistent with a lack of direct transport from T0 and with an increased amount of particles with high organic and sulfate mass fractions at T1 due to nucleation of new particles and condensational growth. Larger variations in the mixing state at T0 were observed for different reasons in the STXM versus the CCSEM/EDX data sets. For STXM, the variations at T0 were consistent with a buildup event over this time frame; the particle population became more heterogeneous largely due to an increase in the fraction of soot-dominated particles. For CCSEM/EDX, the variations in mixing state observed at T0 were due to the presence of two different types of aerosols. One population was dominated by aged sea-salt particles and was more homogeneous than the other population which was dominated by carbonaceous particles.
